by the single essential gene GLC7 in Saccharomyces cerevisiae , functions in diverse cellular processes. To identify in vivo subcellular location(s) where these processes take place, we used a functional green fluorescent protein (GFP)-Glc7p fusion protein. Time-lapse fluorescence microscopy revealed GFP-Glc7p localizes predominantly in the nucleus throughout the mitotic cell cycle, with the highest concentrations in the nucleolus. GFP-Glc7p was also observed in a ring at the bud neck, which was dependent upon functional septins. Supporting a role for Glc7p in bud site selection, a glc7-129 mutant displayed a random budding pattern. In ␣ -factor treated cells, GFP-Glc7p was located at the base of mating projections, again in a septin-dependent manner. At the start of anaphase, GFPGlc7p accumulated at the spindle pole bodies and remained there until cytokinesis. After anaphase, GFP-Glc7p became concentrated in a ring that colocalized with the actomyosin ring. A GFP-Glc7-129 fusion was defective in localizing to the bud neck and SPBs. Together, these results identify sites of Glc7p function and suggest Glc7p activity is regulated through dynamic changes in its location.
Introduction
Protein phosphatase type I (PP1) 1 is a phosphoserine/ phosphothreonine-specific phosphatase that exhibits Ͼ 80% sequence identity from yeast to mammals. It has been implicated in the regulation of a variety of cellular processes including cell cycle progression, glycogen metabolism, glucose repression, sporulation, RNA splicing, and muscle contraction (Mumby and Walter, 1993; DePaoli-Roach et al., 1994; Shenolikar, 1994) . Several of these processes also appear to be conserved through evolution. One illustration of this conservation is in the regulation of mitosis. In Saccharomyces cerevisiae , conditional PP1 mutants, in the single essential gene GLC7 , arrest in G2/M at the nonpermissive temperature (Hisamoto et al., 1994; MacKelvie et al., 1995; Baker et al., 1997) . The G2/M arrest is due to activation of the spindle/kinetochore checkpoint, likely due to defective PP1 regulation of spindle attachment to kinetochores (Bloecher and Tatchell, 1999; Sassoon et al., 1999) . PP1 mutants have also been identified that have defects in progression through late mitosis or cytokinesis (Stark, 1996; Bloecher and Tatchell, 1999) . Similarly, in mammalian cells, microinjection of neutralizing anti-PP1 antibodies into late G2 cells causes a metaphase arrest, whereas microinjection of these antibodies into cells in anaphase B causes failure to complete mitosis and cytokinesis (Fernandez et al., 1992) .
In many cases the substrate specificity of PP1 appears to be regulated by targeting/regulatory subunits that localize PP1 to putative substrates and/or alter the catalytic activity of PP1 towards these substrates (Hubbard and Cohen, 1993; Faux and Scott, 1996) . For example, PP1 in skeletal muscle associates with R GL , a targeting/regulatory subunit that targets PP1 to glycogen particles, where it dephosphorylates glycogen synthase (Hubbard and Cohen, 1989; Tang et al., 1991) . In S . cerevisiae , a homologous mechanism utilizes the targeting/regulatory subunit Gac1p to target PP1 to glycogen synthase (François et al., 1992) .
Several targeting/regulatory subunits have been identified in S . cerevisiae . These subunits are involved in a wide variety of cellular processes, many of which are consistent with known PP1 functions (Stark, 1996; Tu et al., 1996) . For example, gac1 , reg1 , and gip1 mutants are deficient in glycogen accumulation, glucose repression, and sporula-tion, respectively (Stuart et al., 1994; Tu and Carlson, 1995) . Consistent with the regulatory roles for these subunits, the products of GLC7 mutants with defects in glycogen accumulation, glucose repression, and sporulation do not interact with Gac1p, Reg1p, or Gip1p, respectively. Additional potential regulatory/targeting subunits have been identified using two-hybrid screens (Tu et al., 1996; Uetz et al., 2000) . These include Sla1p, a protein involved in cortical actin formation (Holtzman et al., 1993) ; Red1p, necessary for synaptonemal complex formation (Rockmill and Roeder, 1990 ); Scd5p, involved in vesicular trafficking (Nelson et al., 1996) ; Bni4p, a bud neck protein required for proper chitin deposition (DeMarini et al., 1997) ; and several products of open reading frames of unknown function. The diversity of these potential targeting/regulatory subunits further supports the involvement of PP1 in a broad range of cellular functions.
The targeting hypothesis for PPI leads to the prediction that the phosphatase should accumulate at those subcellular locations where its activity is required. Indeed, studies in mammalian cells support this prediction. In G 0 fibroblasts, indirect immunofluorescence with anti-PP1 antibodies revealed that PPI was predominantly located in the cytoplasm (Fernandez et al., 1992) . Upon serum addition, PP1 translocates to the nucleus and then becomes associated with chromosomes in mitosis. The transit from the cytoplasm to the nucleus appears to be a function of growth phase rather than cell cycle phase since PP1 is largely nuclear in growing cells, irrespective of the phase of the cell cycle. In HeLa cells, antibodies specific to the three major isoforms of PP1 reveal distinct isoform-specific locations in the mitotic cell cycle (Andreassen et al., 1998) for PP1 isoforms. In interphase, PP1 ␣ is located in the nuclear matrix, PP1 ␥ 1 is concentrated in the nucleoli, and PP1 ␦ is chromatin associated. In mitosis, PP1 ␣ localizes to centrosomes, PP1 ␥ 1 is associated with the mitotic spindle, and PP1 ␦ is bound to chromosomes. Inhibitor-2, a PP1-specific inhibitory or regulatory subunit, also exhibits cell cycledependent shuttling between the cytoplasm and the nucleus (Kakinoki et al., 1997) .
In contrast to the mammalian studies, little is known about the location of PPI in yeast or fungi. In S . pombe , Dis2p, a PPI gene product, is located primarily in the nucleus (Ohkura et al., 1989) . A similar location has been reported for Glc7p in S . cerevisiae (Zhang et al., 1995) . In this study, we have further investigated the location of PPI in S . cerevisiae using a functional myc -tagged Glc7p for indirect immunofluorescence and a functional green fluorescent protein (GFP)-Glc7p for time-lapse fluorescence and DIC microscopy. We present data showing dynamic and diverse localization of GFP-Glc7p throughout the mitotic cell cycle. Novel locations for the phosphatase at spindle pole bodies (SPBs), the mother/bud neck, the actomyosin ring, and in the nucleolus reflect known, as well as potential new roles for Glc7p.
Materials and Methods

Yeast Strains, Media, and General Methods
The yeast strains listed in Table I are congenic to strain KT1112 ( MAT a ura3-52 leu2 his3 ; Stuart et al., 1994) . Yeast strains were grown in YPD media (Guthrie and Fink, 1991) at 30 Њ C, except where noted. Synthetic complete and dropout media lacking specific amino acids were made as described (Guthrie and Fink, 1991) . Strains were sporulated on media containing Bacto-Peptone (20 g/liter; Difco), yeast extract (10 g/liter; Difco), and potassium acetate (20 g/liter; Sigma Chemical Co.). Yeast transformation was performed using LiOAc, as previously described (Kaiser et al., 1994) . Escherichia coli general methods were performed and media prepared as described (Maniatis et al., 1989) .
The GFP-GLC7 gene fusion, driven from the native GLC7 promoter on a low copy CEN vector (pAB26), was transformed into a diploid yeast strain homozygous for a glc7::LEU2 disruption. This strain contained a plasmid-borne copy of GLC7 (CY973). Mitotic segregants that contained pAB26 , but not CY973, were then isolated, yielding the YAB4 strain. Plasmid pAFS52, containing 256 copies of lac O, was integrated into strain KT1358 at the TRP1 locus as described (Straight et al., 1998) . The lacI-GFP fusion was integrated into the resulting strain at the HIS3 locus using the linearized plasmid pAFS144 as described (Straight et al., 1998) . The resulting strain (YAB404) was then crossed to YAB122. The resulting diploid strain was sporulated, tetrads were dissected, and haploid strain YAB441 was recovered. Induction of the lacI-GFP fusion was performed as described (Straight et al., 1997) . The Nuf2-GFP gene fusion carried on plasmid pJK67 (Kahana et al., 1995) was linearized with BstE1 and integrated into the chromosomal NUF2 locus of strains KT1112 and YAB122 to yield strains YAB108 and YAB380, respectively.
Plasmid Construction
pAB26 was constructed by inserting an EcoRI site directly after the first codon of GLC7 in the plasmid pNC160-GLC7 (Baker et al., 1997) . The EcoRI site was inserted using PCR with the primers AB1 and AB3 (AB3-cgcgaattccatttctttaatttgaat; AB1-cgcgaattcgactcacaaccagttgac). An EcoRI fragment containing the coding sequence of the F64A, S65T GFP mutant (Cormack et al., 1996 ; kindly provided by Dr. Lucy Robinson, LSU Medical Center, Shreveport, LA) was then inserted into the EcoRI site of pNC160 -GLC7 . Sequence analysis of the GFP-GLC7 fusion junction revealed an in-frame insertion after the first codon in the wild-type GLC7 gene. pAB18 was constructed by inserting the GFP-containing HindIII/ SalI fragment from pAB26 into the HindIII/SalI sites of pNC160 -glc7-129 (Baker et al., 1997) . pAB70 was constructed by replacing a NcoI/PvuII fragment of GFP(10C) from pRSET B -GFP(10C) (Ormö et al., 1996) with a NcoI/PvuII fragment of GFP from pAB26. pTD150 -CDC12 is described in Robinson et al. (1999) . CY973 was a gift from Kim Arndt (WyethAyerst Research). GFP fused to Glc7p lacking the COOH-terminal eight amino acids ( ⌬ 305-312) was constructed by inserting the GFP-containing HindIII/SalI fragment from pAB26 into the HindIII/SalI sites of pNC160 -glc7-305 Њ (Baker et al., 1997) .
Immunofluorescence, Rhodamine-Phalloidin, Calcofluor, and DAPI Staining Indirect immunofluorescence against myc -tagged Glc7p was performed as described in Pringle et al. (1991) using the anti-myc antibody 9E10 (Evan et al., 1985) and a TRITC-labeled goat anti-mouse IgG secondary antibody (Sigma Chemical Co.). For nucleolar visualization, cells were treated for indirect immunofluorescence as described in Pringle et al. (1991) using the mouse anti-Nop1p primary antibody kindly provided by John Aris (University of Florida, Gainesville, FL) (Aris and Blobel, 1988 ) and a TRITClabeled goat anti-mouse IgG secondary antibody (Sigma Chemical Co.).
To visualize the actomyosin ring, cells were fixed in 3.5% formaldehyde for 10 min and then stained with 0.5 U/ml rhodamine-conjugated phalloidin (Molecular Probes) as described (Bi et al., 1998) . Bud scars were visualized as described (Robinson et al., 1999) . DNA was visualized in strain YAB6 by adding 4 Ј ,6-diamidino-2-phenylindole (DAPI; Sigma Chemical Co.) directly to the media at a final concentration of 0.2 g/ml and incubating at room temperature for 30 min. The cells were then washed once with water and observed with fluorescence microscopy. The rho 0 strain, YAB6, was generated by treating strain YAB4 with ethidium bromide as described (Guthrie and Fink, 1991) .
Microscopic Analysis
Time-lapse imaging of cells (see Fig. 2 ) was performed as described (Bloecher and Tatchell, 1999) . Time-lapse images, as in Figs. 8 and 9, were acquired using the Princeton Instruments Micro Max CCD camera and a custom script written for IPLab Spectrum Software similar to that de-127 scribed (Shaw et al., 1997) . At each time interval, six fluorescent images in different Z-axis planes ( ‫ف‬ 0.5-1 m apart) were acquired and flattened into a two-dimensional (2D) projection. A separate DIC image was captured from a central Z-axis plane.
For the data presented in Fig. 7 B, Nuf2-GFP and GFP(10C)-Glc7p were imaged in the same cells using the JP1 (D470/20 exciter, D510/20 emitter, 490DCLP dichroic) and JP2 (D510/20 exciter, D560/40 emitter, 530DCLP dichroic) filter sets from Chroma Technology Corporation, respectively. The GFP variant fused to Nuf2p contains the mutations S65T, V163A (Kahana et al., 1998) , whereas the GFP(10C) variant fused to Glc7p contains the mutations S65G, V68L, S72A, and T203Y (Ormö et al., 1996) . Exposure times for the JP2 and JP1 filter sets were 0.4 and 1.0 s, respectively. Bleed-through was assessed for each GFP variant with images of cells containing each GFP variant (GFP(10C)-Glc7p or Nuf2-GFP) alone and found to be negligible. The merged images presented in Fig. 7 B were made by combining a red pseudocolored image from the JP2 filter set with a green pseudocolored image of the JP1 filter set using the 3D extension module from IPLab Spectrum software. In Fig. 4 A, GFP(m2)-Cdc12p and GFP(10C)-Glc7p were imaged in the same cells using the same method as above. The GFP(m2) variant fused to Cdc12p contain the mutations S65A, V68L, and S72A (Robinson et al., 1999) . In situations where only a single GFP variant was imaged, the Chroma 41001 (HQ 480/ 40 exciter, HQ 535/50 emitter, Q 505 LP dichroic) filter set was used.
Quantitation of GFP-Glc7p fluorescence was performed on images of an asynchronous population of live cells in which 10 z-sections ( ‫ف‬ 0.5 m apart) through the cells were captured using the Princeton Instruments Micro Max CCD camera. To determine fluorescence values at SPBs, the brightest pixel value (arbitrary units) in the z-section in which the SPB was in focus was determined using IPLab software. For quantitation of fluorescence across the bud neck, a 2.25-m line (segment) was drawn across the GFP-Glc7p ring at the bud neck. The intensity of the pixels on the segment were then graphically represented using the row/col plot command. The fluorescence values were changed from 12-bit to 8-bit data when graphed using this method.
Online Supplemental Material
The online version of this article includes videos that accompany the figures presented here. Videos are available at http://www.jcb.org/cgi/ content/full/149/1/125/DC1. Video 1. Depicts Fig. 2 . Time-lapse imaging of cells was performed as described (Bloecher and Tatchell, 1999) . The video contains images of GFP-Glc7p cells taken every 2 min for 3 h and 46 min. Video 2. Depicts Fig. 9 A. The video contains images of a GFP-Glc7p cell taken every minute for 41 min (see Microscopic Analysis for a description of the time-lapse imaging).
Results
Myc-tagged Glc7 Localizes Predominantly to the Nucleus
To investigate the subcellular distribution of Glc7p, we used indirect immunofluorescence microscopy to visualize a myc-tagged variant of Glc7p. This myc -Glc7p fusion protein was previously shown to be fully functional (Sutton et al., 1991; Hisamoto et al., 1995; Baker et al., 1997) . Logarithmically growing cells of the diploid strain (KT1208/ KT1210), homozygous for a glc7::LEU2 disruption and carrying myc-GLC7 expressed from the CEN vector YCp50 (Sutton et al., 1991) were fixed in 5% formaldehyde and stained with the anti-myc mAb 9E10 (Evan et al., 1985) . As shown in Fig. 1 , myc-Glc7p was located predominantly in the nucleus at all stages of the cell cycle. These results are consistent with the predominant nuclear location of PP1 reported previously in yeast, as well as other eukaryotes (Fernandez et al., 1992; Zhang et al., 1995) . Although the staining was mostly nuclear, the anti-myc fluorescence did not strictly correlate with bulk DNA, as determined by DAPI staining. The highest concentration of myc-Glc7p was located in a domain that was separate from the bulk of the chromatin (Fig. 1 , large arrow). myc-Glc7p was also observed at the bud neck ( Fig. 1 , small arrow), a novel location for the phosphatase. Together, these results suggest that Glc7p distribution in the cell is more diverse than previously reported (Zhang et al., 1995) .
GFP-Glc7p Localizes to Diverse Subcellular Sites throughout the Mitotic Cell Cycle
Indirect immunofluorescence microscopy has several limitations. Accurate detection of the protein is dependent upon the sensitivity of the antibody to that protein. Cells must be chemically fixed, which can disrupt or alter the location of proteins. Fixation also prevents investigation of dynamic aspects of protein localization in vivo. To bypass these limitations, we constructed and expressed a GFPGlc7p fusion in yeast. The diploid strain (YAB4), whose only GLC7 gene was GFP-GLC7 expressed from a CENvector, grew at wild-type rates at 22, 30, and 37ЊC (data not shown).
To investigate the localization of Glc7p during the mitotic cell cycle, time-lapse microscopy was performed on GFP-Glc7p containing cells (YAB4). Cells were grown on synthetic complete medium under a coverslip and 2D projections of images acquired from different focal planes were collected every two minutes. A montage of selected images from such an experiment is presented in Fig. 2 (see Video 1 available at http://www.jcb.org/cgi/content/full/ 149/1/125/DC1). GFP-Glc7p was located predominantly in the nucleus throughout all stages of the mitotic cell cycle, consistent with the indirect immunofluorescence results shown in Fig. 1 . Several additional sites of GFP-Glc7p concentration were revealed in the time-lapse images. First, GFP-Glc7p localized to two spots at the periphery of the nucleus in anaphase, similar to the location of SPBs or centromeres (Fig. 2 , small arrows). Similar to immunofluorescence results, GFP-Glc7p was unevenly distributed throughout the nucleus (Fig. 2, carets) . Finally, a ring of GFP-Glc7p at the bud neck was observed (Fig. 2 , large arrows). Each of these areas of localization will be presented in more detail below.
GFP-Glc7p Is Highly Concentrated in the Nucleolus
As shown in Fig. 1 , myc-Glc7p was highly concentrated in a region of the nucleus (large arrow) that contained relatively little DAPI fluorescence, similar to the staining pattern of nucleolar antigens (de Beus et al., 1994) . In timelapse experiments, the brighter fluorescing portion of the nucleus was observed in all phases of the cell cycle except anaphase, and was consistently oriented opposite the bud, similar to the location of the nucleolus (Yang et al., 1989) . To determine if the intranuclear regions of high GFPGlc7p concentration coincide with the nucleolus, Nop1p, a nucleolar protein, was localized in GFP-GLC7 cells (YAB4) using an anti-Nop1p mAb. NOP1 encodes yeast fibrillarin, an abundant nucleolar protein required for rRNA processing (Aris and Blobel, 1988) . As shown in Fig. 3 A, the regions of high GFP-Glc7p concentration exactly overlapped the Nop1p staining. As expected for nucleolar staining, strong DNA staining did not colocalize with nucleolar staining. These results demonstrate that GFP-Glc7p is highly concentrated in the nucleolus.
High resolution images of GFP-Glc7p indicated that nucleolar fluorescence was not uniform. In Fig. 3 B, a montage of serial z-sections through the nucleus reveals a Figure 1 . Localization of myc-Glc7p. Diploid strain KT1208/1210 (A), which contains myc-GLC7, and the control strain SB90/91 (B), which lacks myc-GLC7, were harvested from log phase in YPD medium, fixed, and prepared for indirect immunofluorescence microscopy as described in the Materials and Methods. myc-Glc7p was visualized using 9E10 primary antibody (left), DNA was visualized with DAPI (middle) and cells were visualized with DIC optics (right). Bar, 5 m.
nonuniform nucleolar distribution of GFP-Glc7p. The nucleolar fluorescence pattern is reminiscent of the morphological characteristics of the yeast nucleolus, recently shown to be analogous to those of higher eukaryotic nucleoli (Leger-Silvestre et al., 1999) . Specifically, GFPGlc7p fluorescence is patchy in appearance, most resembling the dense fibrillar component and fibrillar centers of the nucleolus. We have also noted that 29% of the cells (n ϭ 415) contained a bright GFP-Glc7p spot that was commonly associated with the nucleolus and less often in the nucleus (Fig. 3 B, arrows) . The identity of this spot is not known; however, in time-lapse experiments, it did not segregate in mitosis.
GFP-Glc7p Localization to the Mother/Bud Neck Is Dependent Upon Septins
Analysis of time-lapse data similar to that presented in Fig. 2 revealed that GFP-Glc7p localized to the presumptive bud site 15 Ϯ 3 min before bud emergence (n ϭ 4). GFP-Glc7p accumulation in a ring or spot on the cell cortex was never observed in a cdc28-4 mutant (Reed, Figure 2 . Localization of GFP-Glc7p throughout the mitotic cell cycle. YAB4 cells were placed on an agarose pad containing synthetic complete medium and visualized by fluorescence microscopy as described (Waddle et al., 1996) . Each image is a 2D projection from 10 z-axis planes, each offset by 0.5 m. Images are shown at 4-min intervals. Large arrows denote bud neck fluorescence. Carets indicate subnuclear fluorescence. Small arrows denote spots observed at nuclear periphery of cells in anaphase.
1980) arrested at the nonpermissive temperature (data not shown), indicating that GFP-Glc7p moves to the presumptive bud neck after START. GFP-Glc7p remains at the bud neck until anaphase, when the concentration was markedly reduced.
The integrity of the bud neck is controlled by septin proteins, encoded by the genes CDC3, CDC10, CDC11, and CDC12, which make up the 10-nm neck filaments and are required for bud morphogenesis and cell division (Longtine et al., 1996) . To compare the location of GFP-Glc7p with respect to septins, a functional CDC12-GFPm2 gene fusion (Robinson et al., 1999) was introduced into strain YAB122 containing the GFP(10C)-GLC7 fusion. The GFP proteins, fused to Glc7p and Cdc12p, were fluorescent variants that could be distinguished with appropriate filters (see Materials and Methods). Under the exposure conditions and relative levels of expression we used in these experiments, the Cdc12-GFPm2 and GFP(10C)-Glc7p fusions were imaged independently and with minimal bleed-through with the JP1 and JP2 filter sets, respectively. As shown in Fig. 4 A, strain YAB453, which contains the CDC12-GFPm2 gene fusion, exhibited fluo- rescence only with the JP1 filter set and not with the JP2 filter set. In contrast, strain YAB122, which contains only the GFP(10C)-GLC7 gene fusion, exhibited strong fluorescence with the JP2 filter set and minimal bleed-through in the JP1 set. Strain YAB130, which contains both GFP(10C)-GLC7 and CDC12-GFPm2 exhibited fluorescence with both the JP1 and JP2 filter sets.
Before anaphase, Cdc12-GFPm2 was readily observed on both sides of the bud neck as predicted (Haarer and Pringle, 1987; Lippincott and Li, 1998a) . In contrast, GFP(10C)-Glc7p was located only on the mother side of the bud neck (Fig. 4 A) . Assessment of the location of the mother/bud neck using the chitin-specific stain calcofluor also placed GFP-Glc7p on the mother side of the neck (data not shown). In large-budded cells before anaphase, GFP-Glc7p was occasionally observed as two rings, one in the mother and one in the bud. The ring in the bud was always much fainter compared with the mother ring. In cells arrested before anaphase with nocodazole or in a cdc16 mutant, the GFP-Glc7p double ring was more evident (see Fig. 8 A, arrows) . Temperature-sensitive alleles of any of the four septins result in disappearance of 10-nm neck filaments (Ford and Pringle, 1991) . To determine if the localization of GFP-Glc7p at the bud neck is dependent upon septins, GFP-Glc7p was visualized in temperature-sensitive septin mutants. As shown in Fig. 4 B, GFPGlc7p was present at the bud neck in wild-type cells, but not in cdc3-1 cells, after 50 min at the nonpermissive temperature (37ЊC). GFP-Glc7p was present at the permissive temperature in the cdc3-1 strain (Fig. 4 B) . As a control, Cdc12-GFPm2 was not detected at the mother/bud neck in cdc3-1 cells after 50 min at 37ЊC. Similar results were obtained using a temperature-sensitive allele of another septin gene, cdc10-1 (data not shown). These results indicate that GFP-Glc7p is dependent upon a functional septin ring structure for accumulation at the bud neck.
GFP-Glc7p also faintly stained the tips and sides of small and medium-sized buds. As is apparent in Fig. 4 B, this location of GFP-Glc7p is not dependent on septins since GFP-Glc7p remains at this location in the cdc3-1 mutant incubated at 37ЊC. Although not apparent in the data presented in Fig. 4 B, small GFP-Glc7p spots were commonly seen in the nucleolus and less often in the nucleus and the cytoplasm when cells were shifted from 24 to 37ЊC.
GFP-Glc7p Localizes to the Base of the Mating Projection
Septins are located in a diffuse band at the base of mating projections in pheromone-treated cells (Ford and Pringle, 1991; Kim et al., 1991) . Because GFP-Glc7p colocalized with septins during vegetative growth, we examined the location of GFP-Glc7p in cells treated with the mating pheromone ␣-factor. Haploid strain KT1556 was treated with ␣-factor (8 g/ml) and images were taken after three hours. As shown in Fig. 5 A, GFP-Glc7p localized to a diffuse band at the base of the mating projection similar to that observed for septins (Fig. 5 A, top, arrows) . This band was also observed in a cdc3-1 mutant (YAB58) grown at the permissive temperature (Fig. 5 B) , but not after incubation at the nonpermissive temperature (37ЊC) for 40 min (Fig. 5 D) . Similar results were obtained using a cdc10-1 mutant (data not shown). Wild-type strain KT1556 maintained normal GFP-Glc7p localization at 37ЊC (Fig. 5 C) .
Glc7p Is Required for Proper Bud-site Selection
GFP-Glc7p localized to the presumptive bud site 15 Ϯ 3 min before bud emergence (n ϭ 4). Using the temperature-sensitive allele cdc28-4 (Reed, 1980) to arrest cells at START, the GFP-Glc7p bud neck ring was never observed (data not shown). Septins also localize to the presumptive bud site ‫51ف‬ min before bud emergence (Longtine et al., 1996) . Additionally, septin mutants have been shown to have defects in bud site selection (Flescher et al., 1993; Chant et al., 1995) . To determine if Glc7p has a role in bud site selection, wild-type and glc7 mutants were grown at 30ЊC in YPD and stained with the chitin-specific dye, calcofluor, to stain their bud scars (see Materials and Methods). As shown in Fig. 6 A, wild-type diploid cells display the typical bipolar budding pattern, whereas glc7-129 cells display a more random pattern. glc7-129 cells also display an approximately two-to threefold increase in chitin staining compared with wild-type cells (Fig. 6 A) . Quantitative analysis of the budding pattern in haploids and diploids for the wild-type, glc7-129, and glc7-133 mutants revealed a clear randomization of the budding pattern in glc7-129 cells (Fig. 6 , B and C). This random budding pattern was allele-specific as the glc7-133 mutant displayed wild-type budding patterns in haploids and diploids. These results suggest that Glc7p may have a role at the bud neck to control the site of bud emergence and chitin deposition.
GFP-Glc7p Localizes to Spindle Pole Bodies in Anaphase
In the time-lapse images of YAB4, cells in late mitosis contained two GFP-Glc7p spots at opposite ends of the presumed nucleus (Fig. 2, 12 min, small arrows) . In an asynchronous population of YAB4 cells, two GFP-Glcp7p spots were always observed in cells in anaphase (n ϭ 34). To more precisely locate these GFP-Glc7p spots in late mitosis with respect to DNA, a rho 0 strain containing GFP-Glc7p (YAB6) was stained with the DNA-specific stain DAPI. In Fig. 7 A, three cells in anaphase/telophase are shown that have GFP-Glc7p spots at both ends of the nucleus. The level of fluorescence of the spots in the mother cell (299 Ϯ 131, arbitrary units) and the bud (263 Ϯ 128, arbitrary units) were found to be equal (n ϭ 32 cells).
The location of the GFP-Glc7p spots late in mitosis resembles the pattern observed for both SPBs and centromeres. To test whether the GFP-Glc7p spots colocalize with SPBs, we constructed a yeast strain containing Nuf2-GFP and GFP(10C)-Glc7p. Using immunofluorescence confocal microscopy, Nuf2p was located at the nuclear face of SPBs (Osborne et al., 1994 ) and a functional Nuf2-GFP fusion was located at SPBs throughout the cell cycle (Kahana et al., 1995) . As in the case of the data presented in Fig. 4 A, the GFP proteins fused to Glc7p and Nuf2p were variants that could be distinguished with the JP1 and JP2 filter sets (see Materials and Methods). When Nuf2-GFP and GFP(10C)-Glc7p images were merged, colocalization of Nuf2-GFP and GFP(10C)-Glc7p was evident as the yellow SPBs in the merged images in Fig. 7 B (arrows) . Therefore, we conclude that GFP-Glc7p localizes to SPBs, not centromeres (Fig. 8 B) , in late mitosis.
To determine when GFP-Glc7p associates with SPBs in Figure 5 . GFP-Glc7p localizes to the base of the mating projection. Images of GFP-Glc7p or DIC in wild-type (YAB1556; A and C) or cdc3-1 cells (YAB58; B and D) that were arrested in ␣-factor (8 g/ml) for 3 h at the permissive temperature (24ЊC; A and B), or after a 40-min shift to the nonpermissive temperature (37ЊC; C and D). Arrows in A indicate GFP-Glc7p fluorescence at the base of the mating projection.
mitosis, GFP-Glc7p cells were arrested before anaphase with the microtubule depolymerizing drug, nocodazole. Cells were also arrested before anaphase using a temperature-sensitive cdc16-1 mutant whose product is a component of the anaphase promoting complex. Arrest was confirmed in both cases as Ͼ77% large budded cells (n Ͼ200). Images of nocodazole-arrested and cdc16-1-arrested cells revealed GFP-Glc7p was concentrated in the nucleus, but GFP-Glc7p spots corresponding to presumed SPBs were never observed (Fig. 8 A) . These results indicate that GFP-Glc7p does not localize to SPBs until after anaphase onset. To more precisely define when GFP-Glc7p localizes to SPBs in anaphase, time-lapse microscopy was performed on a strain (YAB439) that contains GFP-Glc7p and the lacI-GFP/lacO system to visualize kinetochores (Straight et al., 1997) . In this system, many copies of lacO are integrated at the TRP1 locus ‫01ف(‬ kb from CEN4). LacI-GFP that is expressed in these cells binds to lacO, thus marking the kinetochore of centromere IV. Using this system, it was observed that kinetochores move close to their respective SPBs during anaphase A, but can clearly be distinguished from SPBs at the level of light microscopy throughout anaphase (Straight et al., 1997) . A montage of a YAB439 cell undergoing anaphase is presented in Fig. 8 B. Before anaphase and sister chromatid separation, when one lacI-GFP spot is observed (Fig. 8 B, black arrowhead, 0 s), GFP-Glc7p spots at SPBs are not seen. At anaphase B onset, defined as the first time point at which the nucleus begins to elongate (Fig. 8 B, 90 s) , four spots were visible, two corresponding to the GFP-Glc7p spots (white arrows) at the SPBs and two kinetochore spots trailing the SPBs (black arrowheads). To further confirm localization of GFP-Glc7p to SPBs in anaphase, serial z-sections were captured of YAB439 cells in early and late anaphase. In Fig. 8 C, images of several anaphase cells are shown. Cells in early and late anaphase have GFP-Glc7p concentrated at SPBs. From these and other examples, we conclude that Glc7p mobilizes to the SPB early in anaphase, within 90 s after the initiation of anaphase. GFP-Glc7p remains at the SPB throughout anaphase, but was not observed at SPBs after cytokinesis or cell separation. We compared the time of disappearance of Glc7p from the SPB with the disappearance of Glc7p from the actomyosin ring (see below) and found that the SPB localization of Glc7p became undetectable 2 Ϯ 3 min (n ϭ 6) after disappearance of GFPGlc7p from the actomyosin ring. Together, these results indicate that GFP-Glc7p becomes concentrated at both SPBs at the start of anaphase and remains there until just before cell separation.
GFP-Glc7p Localizes to a Ring at the Mother/Bud Neck Late in Mitosis
Although not visible in the time-lapse images presented in Fig. 2 , higher resolution images of cells in late mitosis (postanaphase) reveal that GFP-Glc7p accumulates in a ring or bar at the mother/bud neck. This structure was observed in all postanaphase cells examined. Time-lapse experiments reveal the dynamic properties of this ring. GFP fluorescence at the bud neck in a representative cell in Fig.  9 A (see Video 2 available at http://www.jcb.org/cgi/content/ full/149/1/125/DC1) is first apparent at the two-or three-minute time point. The band becomes more intense and narrower for another five minutes and then fades in intensity. Fluorescence intensity was measured through the bud neck along a line perpendicular to the elongated spindle at each time point. The fluorescence intensity for each pixel on the line was then plotted below each image. The y-axis represents arbitrary fluorescence intensity and the x-axis represents the position on the 2.5-m line (from left to right) across the bud neck. The images, as well as the graphs, showed that the GFP-Glc7p ring fluorescence at the bud neck increased near the completion of anaphase. Initially, the ring appeared to undergo contractionlike movement (see carets) without a significant fluorescence increase, and then fluorescence gradually diffused until it was barely detectable by the 15-min time point. Cell separation (defined by the rotation of the daughter cell with respect to the mother cell) occurred 13 Ϯ 2 min later (n ϭ 3). In an asynchronous population of cells, 8% of the cells contained bud neck fluorescence similar to that seen in Fig. 9 A (n ϭ 277) . This percentage is consistent with the 8-10 min duration of the ring observed in the timelapse experiments, assuming a 90-min doubling time at 30ЊC.
The actomyosin ring has been shown previously to form between two septin rings before cell division and to undergo contraction-like movement before cell separation (Lippincott and Li, 1998a) . The dynamic nature of the GFP-Glc7p ring in late mitosis suggests that the phosphatase could associate with the actomyosin ring. To determine whether GFP-Glc7p colocalizes with the actomyosin ring late in mitosis, the GFP-Glc7p containing strain, YAB4, was fixed and stained with rhodamine-phalloidin for visualization of F-actin. In Fig. 9 B, images of cells in late mitosis show that the GFP-Glc7p ring colocalizes with the actomyosin ring. The brief accumulation of Glc7p at the site of cytokinesis is consistent with a role for GLC7 in this process, as documented by a glc7 mutant with a defect in cytokinesis (Andrews and Stark, 2000) .
GFP-Glc7-129p Is Defective in Localization to the Bud Neck and SPBs
The sites of Glc7p accumulation may reflect locations where the phosphatase acts on key substrates. If accumulation at the bud neck, SPBs and actomyosin ring reflect sites of phosphatase activity, the products of GLC7 mutations with defects in the cell cycle and bud emergence/ morphogenesis may not localize to some or all of these sites. Therefore, we fused GFP to glc7-129 and expressed the fusion protein from the CEN vector pNC160 in wildtype cells (KT1357). glc7-129 mutants have a mitotic delay caused by activation of the mitotic checkpoint (Bloecher and Tatchell, 1999) and as shown in Fig. 6 , display defects in bud site selection and chitin synthesis. The overall fluorescence levels in these transformants were less than half that of the wild-type GFP-Glc7p fusion, which correlates with the reduced steady state levels of GFP-Glc7-129p observed using immunoblot analysis (data not shown). GFPGlc7-129p retains its nuclear localization. However, as shown in Fig. 10 A, GFP-Glc7-129p fails to localize to the bud neck of cells with small and medium-sized buds (arrows). In contrast, GFP-Glc7-129p did accumulate at the bud neck in large-budded cells that had completed anaphase (asterisks).
Notably, GFP-Glc7-129p was also reduced in concentration at the SPBs of anaphase cells. Serial z-sections of representative cells in Fig. 10 B illustrate the loss of GFPGlc7-129p from the SPB. To quantitate SPB localization, anaphase cells were examined in five z-sections and scored for the presence of GFP spots at the presumptive SPBs. GFP-Glc7p was identified in 87% (59/68) of the SPBs (34 anaphase cells), whereas GFP-Glc7-129p was only found Figure 8 . GFP-Glc7p accumulates at the SPBs in early anaphase. A, Images of nocodazole (Noc)-arrested GFP-Glc7p cells (YAB4) or GFP-Glc7p cells containing cdc16-1 (YAB381) after incubation at the nonpermissive temperature for 3 h. Arrows indicate the double ring of GFP-Glc7p often observed in these arrested cells. B, Logarithmically growing GFP-Glc7p cells containing lacI-GFP/lacO marking centromeres (YAB439) were placed on an agarose pad containing synthetic complete media and imaged using a custom script written for IPLab Spectrum software (see Materials and Methods). The black arrowheads denote the lacI-GFP spots (marking the centromeres), whereas the white arrows mark the GFPGlc7p spots at SPBs. C, Serial z-sections were taken through YAB439 cells in various stages of anaphase. Black arrowheads denote centromeres, white arrows denote GFP-Glc7p at SPBs. at 19% (13/70) of the SPBs (35 anaphase cells). We also constructed a gene fusion to glc7-127, an allele with defects in glucose repression and sporulation (Baker et al., 1997) , but with normal bud site selection, chitin deposition, and cell cycle regulation (data not shown). GFPGlc7-127p localized normally to the bud neck and to SPBs (data not shown), strengthening the argument that Glc7p at the bud neck, and possibly the SPB, is required for activities involved in bud morphogenesis and cell cycle regulation, respectively.
Discussion
We have shown dynamic changes in the location of Glc7p throughout the cell cycle. Glc7p appears at the site of bud initiation ‫51ف‬ min before bud formation and remains there until mitosis. At the end of mitosis, Glc7p reappears at the bud neck, this time overlapping directly with the actomyosin ring that forms during cytokinesis. At the start of anaphase, Glc7p appears at the SPBs and remains there until cytokinesis. More static sites of Glc7p accumulation occur in the nucleolus, where it accumulates in the highest concentration, in the nucleus, and in the cytoplasm. The plethora of locations of Glc7p accumulation is in good agreement with the many roles that this phosphatase plays in cellular processes. It is worth noting that we may have identified only the sites of highest Glc7p concentration; physiologically important sites may have been missed if the concentration of Glc7p is below the limit of detection at these sites. The dynamic changes in GFP-Glc7p subcellular localization are consistent with redistribution of the phosphatase rather than changes in expression. GLC7 transcript levels are constant during the cell cycle, as judged using DNA microarrays in synchronized cultures (Spellman et al., 1998) and GFP-Glc7p fluorescence levels do not undergo dramatic changes during the cell cycle.
Glc7p accumulates to its highest levels in the nucleus and nucleolus throughout the cell cycle. PP1 has also been reported to be predominantly nuclear in mammals (Fernandez et al., 1992) , A. nidulans (Doonan and Morris, 1989) , and fission yeast (Ohkura et al., 1989) . A nuclear location for Glc7p is consistent with its proposed role in regulating microtubule/kinetochore attachment in mitosis (Bloecher and Tatchell, 1999; Sassoon et al., 1999) and the expression of CUP1 (Lin and Lis, 1999) . How does GFPGlc7p localize to the nucleus and nucleolus? Using the PSORT II program (Leger-Silvestre et al., 1999) for predicting subcellular localization, Glc7p contains a putative nuclear localization signal, but was predicted to be cytoplasmic, based on overall amino acid composition. The predicted nuclear localization signal, RKKK, is located at the extreme COOH terminus (amino acids 309-312). This sequence is missing from the product of GLC7-305Њ, a fully functional nonsense mutant that lacks the COOHterminal eight amino acid residues of Glc7p (Baker et al., 1997) . A GFP-Glc7-305Њp fusion also localizes normally to the nucleus, nucleolus, SPBs, bud neck, and the actomyosin ring in a manner identical to wild-type GFP-Glc7p (Bloecher, A., and K. Tatchell, unpublished data) . This indicates that Glc7p does not have a conventional nuclear localization signal and may depend upon binding to another protein(s) for nuclear targeting. Glc7p is located primarily in the nucleus during logarithmic growth, but is found dispersed uniformly throughout the cell in station- Figure 9 . GFP-Glc7p colocalizes with the actomyosin ring in late mitosis. A, Logarithmically growing GFP-Glc7p cells (YAB4) in YPD media were imaged at 1-min intervals as described in Materials and Methods. The schematic of a yeast cell is drawn to demonstrate how the line was drawn across the bud neck to quantify fluorescence. The size bar in the 0Ј image represents the actual length of the line drawn across the bud neck (2.25 m). Carets in the graphs at 6Ј, 7Ј, and 8Ј mark outer edges of the GFP-Glc7p fluorescence at the bud neck. B, GFP-Glc7p cells (YAB4) were fixed and stained with rhodamine-phalloidin to visualize the actomyosin ring. Shown are two cells displaying colocalization of the GFP-Glc7p ring with the actomyosin ring. ary phase (Bloecher, A., and K. Tatchell, unpublished data) . A similar distribution pattern has been reported for PP1 in mammalian tissue culture cells, where PP1 is located primarily in the cytoplasm in quiescent cells, but accumulates in the nucleus upon serum addition and entry into the mitotic cell cycle (Fernandez et al., 1992) .
The isoform-specific patterns of PP1 localization in mammalian cells have been proposed to be due to the unique COOH-terminal extensions on PP1 subtypes (Andreassen et al., 1998) . These extensions, which vary in length from 20-30 amino acid residues, could potentially bind targeting factors and direct PP1 isoforms to their specified locations. Glc7p is directed to some of the same locations that are occupied by single mammalian PP1 isoforms: Glc7p and PP1␥ are directed to nucleoli, and Glc7p and PP1␣ are directed to SPBs and centrosomes, respectively. However, the COOH terminus of Glc7p is not required for proper localization or function, indicating that targeting subunits may interact productively with only the catalytic domain of Glc7p. It has been observed that a conserved hydrophobic pocket on the catalytic domain is important for binding many PP1 targeting subunits (Egloff et al., 1997) .
The phenotypes of glc7 mutants and the functions of Glc7p-interacting proteins do not readily reveal a role for Glc7p in the nucleolus. In A. nidulans, a PP1 mutant has Figure 10 . GFP-Glc7-129p is defective in localization to the bud neck and SPBs. A, Images of wild-type strain KT1357 transformed with either pAB26 (GFP-GLC7) or pAB18 (GFP-glc7-129) after inoculation into YPD media for 4 h at 30ЊC. Arrows indicate bud neck localization of GFP-Glc7p and the lack of this localization for GFP-Glc7-129p. Asterisks denote GFP-Glc7p or GFP-Glc7-129p at the presumed actomyosin ring. For ease of comparison, grayscale values for GFP-Glc7-129p were increased to approximately the same levels as those of GFP-Glc7p. B, Serial z-sections are shown through anaphase KT1357 cells containing pAB26 or pAB18. Arrows indicate GFP-Glc7p spots at SPBs. This localization is not observed for GFP-Glc7-129p. hyperphosphorylated nucleolar proteins, supporting the idea that substrates for PP1 are found in the nucleolus (Doonan and Morris, 1989) . Mammalian PP1␥ localizes to the nucleolus during interphase (Andreassen et al., 1998) . Mammalian ribosomal protein L5, the homologue to the yeast ribosomal protein Rpl5p, associates with PP1 in the yeast two hybrid system (Hirano et al., 1995) , but the possibility that Glc7p has a role in ribosome assembly or some other nucleolar function has not been examined. Another possibility is that Glc7p is sequestered in the nucleolus similar to the dual-specificity phosphatase, Cdc14p. Cdc14p is retained in the nucleolus during most of the cell cycle, but is released during anaphase when it plays a key role in the exit from mitosis Straight et al., 1999; Visintin et al., 1999) . Time-lapse data showed that GFPGlc7p was concentrated in the nucleolus throughout the mitotic cell cycle, indicating nucleolar sequestration and release is not a regulatory mechanism for Glc7p. In a fraction of anaphase cells, nucleolar fluorescence of GFPGlc7p was not apparent. Because GFP-Glc7p was observed in a clearly defined nucleolus in early and late anaphase cells, loss of GFP-Glc7p fluorescence in the nucleolus may be a consequence of a morphological change in the nucleolus during chromosome segregation.
GFP-Glc7p, Septins, and Bud Site Selection
Septins have roles in cytokinesis, morphogenesis, cell wall deposition, bud-site selection, sporulation, and mating (Longtine et al., 1996) . Temperature-sensitive septin mutants form elongated buds at the restrictive temperature with actin hyperpolarized towards the bud tip (Adams and Pringle, 1984) . We have shown that the accumulation of GFP-Glc7p at the bud neck and at the base of mating projections is septin-dependent. In support of a functional role for this association, Andrews and Stark (2000) have noted that glc7-10 mutants have defects in bud morphology. We have also found that glc7-129 mutants frequently develop elongated buds at elevated temperatures (Bloecher, A., and K. Tatchell, unpublished data) and also show increased and delocalized chitin deposition (Fig. 6  A) . The failure of GFP-Glc7-129p to localize to the bud neck is consistent with Glc7p acting at this location to regulate bud morphogenesis. We have no evidence for a direct interaction between septins and Glc7p. However, Bni4p, a septin binding protein that targets chitin synthase to the bud neck, has recently been shown to interact with Glc7p in a two hybrid screen (Uetz et al., 2000) . Bni4p is also located on the mother side of the bud neck (DeMarini et al., 1997) as predicted, if Bni4p is responsible for tethering Glc7p to the bud neck. Further work will be necessary to determine if this or other proteins target Glc7p to the bud neck.
We discovered that glc7-129 mutants exhibited a random budding pattern in haploid and diploid cells. Mutants that are defective in bud site selection have been classified into three different groups based on their effect on budding pattern in haploid and diploid cells. One group, including septin mutants (Flescher et al., 1993; Longtine et al., 1996) , changes the axial budding pattern to bipolar in haploid cells, but does not affect bud site selection in diploid cells. Another group affects bipolar budding in the diploid, but has no effect on haploid cells. The third group, of which glc7-129 is a member, causes random budding in both haploid and diploid cells. This group, consisting of mutant in BUD1, BUD2, and BUD5 Powers et al., 1991; Park et al., 1993 ) is believed to transmit spatial cues from the presumptive bud site to proteins involved in initiating polarized growth, such as the GTPase Cdc42p and its guanine nucleotide exchange factor, Cdc24p. cdc24 mutants also exhibit a random pattern of bud site selection at the permissive temperature (Sloat et al., 1981) . Interestingly, a genetic connection exists between GLC7 and CDC24/ CDC42. Mutations in GLC7, including glc7-Y170 and glc7-129, can partially suppress the growth defects caused by mutations in CDC24 and CDC42 (Hisamoto et al., 1994; Bloecher, A., and K. Tatchell, unpublished data) . We do not know if the bud site selection defect of the cdc24 mutant is also suppressed by glc7 mutants.
The appearance of the GFP-Glc7p ring at the bud neck prompted us to determine if Glc7p functioned in proper selection of the bud site. However, the defect we observed in the glc7-129 mutant, randomization of the bud site in both haploid and diploid cells, is contrary to what we would predict if the Glc7p holoenzyme that acts in bud site selection is located at the septin ring. This is because septin mutants have not been reported to affect the bipolar budding pattern in diploid cells. Because the bud neck association of GFP-Glc7p in diploid cells is lost in septin mutants, this would suggest that the Glc7p holoenzyme responsible for bud site selection resides at another location.
GFP-Glc7p and SPB Localization
At the onset of anaphase, we find that GFP-Glc7p accumulates at SPBs and remains there until cytokinesis. Similarly, mammalian PP1␣ is located at centrosomes during mitosis (Andreassen et al., 1998) . In A. nidulans, the spindle plaques of a PP1 mutant contain hyperphosphorylated proteins (Doonan and Morris, 1989) , supporting the possibility that PP1 is located at the spindle plaques. There are several plausible functions for Glc7p at the SPBs. First, Glc7p may regulate microtubule dynamics. Although glc7-129, a GLC7 mutant known to activate the spindle/kinetochore checkpoint, is not sensitive to microtubule depolymerization, rates of anaphase spindle elongation are more rapid than wild-type (Bloecher and Tatchell, 1999) . Furthermore, several microtubule-dependent events, such as nuclear migration, spindle orientation, and anaphase spindle breakdown are partially defective in this glc7 mutant (Bloecher, A., and K. Tatchell, unpublished data) . Regulation of microtubule dynamics by Glc7p could be through the regulation of microtubule-dependent motor proteins. Strains containing glc7-129 are inviable when they lack any one of several microtubule-dependent motor proteins or components of dynactin (Bloecher, A., and K. Tatchell, unpublished data) . The loss of GFP-Glc7-129p from SPBs suggests that one or more of these functions may be carried out at the SPB.
The spindle checkpoint was recently shown to consist of two pathways: Bub1p, Bub3p, Mad1p, Mad2p, Mad3p, and Mps1p constitute components of the checkpoint that block anaphase onset, whereas Bub2p is necessary for a later block before cytokinesis (Alexandru et al., 1999) . glc7-129 mutants delay anaphase due to activation of the Mad1p/Bub3p-dependent checkpoint, but also delay cytokinesis (Bloecher and Tatchell, 1999) , suggesting that the Bub2p-dependent checkpoint may also be activated. Like GFP-Glc7p, Bub2p has also been shown to localize to SPBs in anaphase (Fraschini et al., 1999; Li, 1999) . Therefore, it is possible that the SPB is the site at which the glc7-129 defect causes a delay in cytokinesis.
The relevant substrate or substrates at the SPB for Glc7p are not known, but one intriguing possibility is Spc110, an essential component of the central plaque of SPBs (Rout and Kilmartin, 1990 ) that exists in multiple phosphorylated states (Friedman et al., 1996; Stirling and Stark, 1996) . A hyperphosphorylated form of the protein that migrates as a 120-kD protein by SDS-PAGE is converted to a 112-kD form during anaphase. In vitro phosphatase treatment of the 120-kD form shifts its electrophoretic mobility to that of the 112-kD form. Treatment of cells with nocodazole and alpha factor results in an accumulation of the 120-kD form and 112-kD form, respectively. These and other experiments indicate that Spc110 becomes hyperphosphorylated when the mitotic spindle forms and is rapidly dephosphorylated at the onset of anaphase (Friedman et al., 1996) . Thus, Glc7p is temporally positioned to act on Spc110 during anaphase.
GFP-Glc7p at the Mother/Bud Neck before Cytokinesis
Near the end of anaphase, we observed the appearance of a GFP-Glc7p ring at the mother/bud neck that colocalizes with the ring of F-actin. The temporal appearance of this ring is very similar to that of Cyk1p, an actin-recruiting protein involved in cytokinesis (Lippincott and Li, 1998b) . Based on this and the dynamic nature of the GFP-Glc7p ring, we propose that Glc7p can associate with the actomyosin ring. A functional role for Glc7p at the actomyosin ring is supported by the finding that a GLC7 mutant is delayed in cytokinesis or cell separation (Andrews and Stark, 2000) . Substrates for Glc7p at the actomyosin ring, known to contain actin, Myo1p (type II myosin), Cyk1p, and Cyk2p (Bi et al., 1998; Lippincott and Li, 1998a) are not known, but in mammalian cells, a PP1 holoenzyme composed of PP1 and the G M targeting subunit has been shown to dephosphorylate myosin II light chain (Chisholm and Cohen, 1988) .
